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Abstract 
Active faulting is one of the main factors that induce deep-seated gravitational slope deformations 
(DGSDs). In this study, we investigate the relationships between the tectonic activity of the NW–SE 
normal fault system along Mt. Morrone, central Apennines, Italy, and the evolution of the 
associated sackung-type DGSD. The fault system is considered to be the source of M 6.5–7 
earthquakes. Our investigations have revealed that the DGSD began to affect the Mt. Morrone SW 
slope after the Early Pleistocene. This was due to the progressive slope instability arising from 
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the onset of the younger western fault, with the older eastern fault acting as the preferred sliding 
zone. Paleoseismological investigations based on the excavation of slope deposits across 
gravitational troughs revealed that the DGSD was also responsible for the displacement of Late 
Pleistocene–Holocene sediments accumulated in the sackung troughs. Moreover, we observed that 
the investigated DGSD can evolve into large-scale rock slides. Therefore, as well as active normal 
faulting, the DGSD should be considered as the source of a further geological hazard. Overall, our 
approach can be successfully applied to other contexts where active normal faults control the 
inception and evolution of a DGSD. 
 
Keywords: Large-scale slope instability; Active normal faulting; Trenching technique; Sackung; 
Rock avalanche; Sulmona basin; Central Italy. 
 
 
1. Introduction 
Worldwide investigations on mountain slopes have resulted in the identification of geomorphic 
signatures of large-scale, Deep-seated Gravitational Slope Deformations (DGSDs). These 
phenomena can be largely divided into three types: sackung (originally a German term for sagging, 
first used by Zischinsky, 1969), lateral spreading, and rock-block slide (e.g., Jahn, 1964; 
Zischinsky, 1969; Varnes, 1978; Dramis and Sorriso-Valvo, 1994; Dramis et al., 1995; Bisci et al., 
1996; Pasuto and Soldati, 1996; Onida, 2001; Soldati, 2004). 
Among the factors that induce DGSDs, the available literature has generally assigned a primary role 
to tectonics (e.g. Gonzalez-Diez et al., 1999; Galadini, 2006; McCalpin, 2009; Audemard et al., 
2010). Indeed, active faults make hillslopes unstable by: increasing local relief; 
juxtaposing/superposing rocks with different mechanic behaviours; producing structural 
discontinuities such as fault planes, foliations, joints and fractures that can act as sliding surfaces; 
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and causing ground shaking during the associated seismic events (e.g., Dramis et al., 2002; 
McCalpin, 2009). 
To analyse the role of active tectonics in triggering large-scale gravitational slope movements, the 
central Apennine chain can be considered as a first-rate case study. This mountain belt has been 
affected by uplift since the Early Quaternary (D’Agostino et al., 2001 and references therein; 
Bartolini et al., 2003) as well as by active faulting (Barchi et al., 2000; Galadini and Galli, 2000; 
Boncio et al., 2004). Many studies have identified DGSDs along the mountain slopes of the central 
Apennines, and discussed the relationships between the DGSDs and tectonically controlled 
landscape modification (e.g., Dramis et al., 1987; 2002; Farabollini et al., 1995; Aringoli et al., 
1996; Folchi Vici D’Arcevia et al., 1996; Di Luzio et al., 2004; Galadini, 2006; Moro et al., 2012). 
More recently, studies on large-scale gravitational phenomena have benefited from satellite 
interferometry techniques (e.g., differential interferometry synthetic aperture radar; Moro et al., 
2009) which have allowed the triggering role of earthquakes to be evaluated (Moro et al., 2007, 
2011). 
The present study deals with the relationships between active normal faulting and the 
occurrence/evolution of a DGSD through an analysis of the south-western flank of Mt. Morrone, 
which is affected by an active normal fault system and by large-scale, deep-seated mass-wasting 
(Ciccacci et al., 1999; Miccadei et al., 2004). Our main goal was to define the kinematic history, 
style and chronology of the DGSD, with reference to a possible triggering role of normal faulting. 
We coupled geological/geomorphological field analyses with the application of paleoseismological 
techniques. Such a method has been used to investigate gravity-driven processes in various areas of 
the world (e.g., McCalpin and Irvine, 1995; Gutiérrez et al., 2005, 2008, 2010) including the Italian 
Alps (Forcella et al., 2001) and the Apennines (Moro et al., 2012). 
This paper is organised as follows: after the description of the neotectonic framework of the central 
Apennines and the structural/geomorphic setting of the south-western slope of Mt. Morrone, we 
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present the results of investigations on the DGSD with the data gathered and discussion in terms of 
structural/geomorphic evolution, chronology, mechanism and style of the DGSD. 
 
2. Geological framework 
2.1. Neotectonic setting of the central Apennines 
The formation of the Apennine chain is closely related to the westward subduction of the Adriatic 
lithosphere and its progressive eastward flexural retreat (Patacca and Scandone, 1989). This consists 
of a fold and thrust belt that progressively migrated eastwards and north-eastwards, which displaced 
thousands-of-metres-thick Meso-Cenozoic carbonate and siliciclastic sequences (Cosentino et al., 
2010 and references therein). The migration of the contractional deformation towards the Adriatic 
foreland was followed by an extensional tectonic regime that has affected the innermost portions of 
the chain since the Mio-Pliocene (Cavinato and De Celles, 1999). This new tectonic phase resulted 
in normal fault systems that dismembered the previously active compressive structures and 
progressively migrated towards the east and northeast, comparably to the contractional deformation 
(e.g., Galadini and Messina, 2004; Fubelli et al., 2009). Extensional tectonics proceeded 
contemporary to the chain uplift, the latter being estimated at about a thousand metres during the 
whole of the Quaternary (D’Agostino et al., 2001).  
In the central Apennines, the activity of the normal fault systems during the Plio-Quaternary 
resulted in the formation of several half-graben structures that currently match intermontane basins 
and host continental deposition. These include the Fucino, L’Aquila, Sulmona, Rieti, Leonessa and 
Norcia basins. Normal and normal-oblique faults generally bound these depressions to the northeast 
and affect steeply dipping, west- and southwest-facing fault-related mountain slopes that were 
mainly carved onto the above-mentioned Meso-Cenozoic carbonate bedrock. 
Active extension in the central Apennines is supported by: 1) the displacement of Late Pleistocene–
Holocene deposits and/or landforms along many of the central Apennine normal faults (e.g., Barchi 
et al. 2000; Galadini and Galli, 2000; Boncio et al., 2004; Roberts and Michetti, 2004; Galadini et 
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al., 2009; Falcucci et al., 2011); 2) the instrumental seismicity, characterised by earthquakes 
originating along the northwest-southeast trending normal ruptures (Bagh et al., 2007; Chiarabba et 
al., 2009; Chiaraluce, 2012); 3) geodetic (GPS) data indicating a 3 mm yr
−1
 extension rate across 
the belt (D’Agostino et al., 2011; Devoti et al., 2011); and 4) the tectonic stress data derived from 
borehole breakout measurements (Mariucci et al., 2010 and references therein). 
The active normal fault systems in and around the study area (Fig. 1) are generally considered as the 
surface expression of the seismogenic sources that are potentially responsible for high-magnitude 
(up to 7) earthquakes (Galadini and Galli, 2000 and references therein; Vannoli et al., 2012 and 
references therein). The information derived from the available historical seismic catalogues (e.g., 
Rovida et al., 2011), coupled with geologically and paleoseismologically inferred data (Galli et al., 
2008 and references therein), have allowed relating some of the central Italian seismic events to the 
activation of some westernmost faults. These include the 1349 (Mw = 6.6), 1703 (6.7), 1703 (6.7) 
and 1915 (7.0) earthquakes. On the other hand, the eastern normal faults that comprise the Assergi-
Campo Imperatore, Mt. Vettore, Laga Mts. and Mt. Morrone fault systems have not been activated 
in historical times (see ACIF, MVF and MMF in Fig. 1, respectively). For this reason, these 
structures have been defined as silent and are considered as probable seismic gaps (Galadini and 
Galli, 2000). 
 
2.2. Mt. Morrone south-western slope 
Mt. Morrone is an anticline structure that grew due to the activity of a northeast-verging thrust 
during the Late Messinian to Early Pliocene (Cipollari and Pipponzi, 2003). This thrust involved 
Meso-Cenozoic limestone and marl pertaining to different paleogeographic domains (i.e., basinal 
sequences). These are exposed in the northern sector of Mt. Morrone, which transitionally changes 
to carbonate platform sequences in the southern portion of the relief (Giovannelli, 1992). 
Since the Early Pleistocene, the back-limb of the Mt. Morrone anticline has been affected by a ca. 
23-km-long, southwest-dipping normal fault system that displaced the carbonate sequences. This 
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gave rise to the Sulmona basin, a half-graben intermontane depression that hosted a continental 
sedimentary succession through the whole Quaternary (Fig. 2a). Geological field investigations 
(e.g., Miccadei et al., 1998; Gori et al., 2011, and references therein) have described the Mt. 
Morrone normal fault system as consisting of two main parallel segments: the western and eastern 
fault branches. The geomorphic expression of these branches is seen as two up to 100 m high fault 
scarps affecting the middle-upper sector and the base of the slope, respectively. 
This fault system is considered to be presently active, as both fault segments displace Late 
Pleistocene to Holocene slope and alluvial fan deposits (e.g., Vittori et al., 1995; Miccadei et al., 
1998 and references therein; Galadini and Galli, 2000). Recently, geological investigations on the 
continental sequences that outcrop in the Sulmona basin and along the Mt. Morrone slopes have 
allowed the updating of the Late Quaternary slip-rate estimates for each fault branch (Gori et al., 
2011): 0.4±0.07 mm yr
−1
 for the western splay, and a comparable rate for the eastern splay.  
From a seismotectonic point of view, the Mt. Morrone fault system is considered as the surface 
expression of a seismogenic source that is potentially responsible for M 6.6 to 6.7 earthquakes (Gori 
et al., 2011). Its last activation probably occurred ca. 1800 years ago, as proposed by Ceccaroni et 
al. (2009) on the basis of archeoseismological data, which show evidence of an episode of 
widespread destruction in the Sulmona basin during the 2nd century AD, likely due to a local strong 
earthquake. 
As shown by Gori et al. (2007), the tectonic structure of Mt. Morrone is characterised by a complex 
Quaternary structural evolution that has strongly conditioned the present geomorphic setting of the 
southwest-facing slope. In more detail, a progressive basin-wards fault activation probably occurred 
during the Middle Pleistocene, where the western splay was activated after the eastern splay (Pizzi 
and Pugliese, 2004; Gori et al. 2007). This structural evolution resulted in an evident staircase slope 
topography made up of two steeply inclined slope sectors with a wide and almost flat paleo-
landsurface between them (Figs. 2a and 3). 
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The south-western slope of Mt. Morrone is also characterised by widespread, roughly ridge-parallel, 
troughs, up-hill-facing scarps, and closed depressions (Fig. 2b). These landforms suggest that the 
slope is affected by a sackung-type DGSD. However, besides a geomorphological description of 
these gravity-related landforms (e.g, Ciccacci et al., 1999; Miccadei et al., 2004), the Mt. Morrone 
DGSD has never been investigated in detail, in terms of its origin, kinematic history, and Late 
Quaternary activity. 
 
3. Geomorphologic and structural investigations 
3.1. General geomorphic signatures of slope deformation 
Aerial photograph analyses and field surveys have allowed us to map in detail the sackung 
landforms along the Mt. Morrone south-western slope. We identified multiple ridge-parallel 
troughs, closed depressions with uphill- and downhill-facing scarps located at different elevations. 
There is also as an evident double crest line, marked by a wide ridge-crest ”graben” on top of the 
relief (Fig. 3). These landforms, mostly detectable at the head of huge unstable rock masses laterally 
bounded by streams with curvilinear patterns (in plain view), typically display an outward bulging 
at their toe, resulting in a convex topographic profile. 
Our observations indicate that the sackung landforms affect the slope sector between the two 
normal fault branches. In particular, the eastern fault splay coincides with the ridge-crest graben and 
the uphill side of the main gravitational troughs (Fig. 3, inset). The western fault branch, instead, 
bounds the sagging rock masses towards the basin (Fig. 3). Moreover, many other minor troughs 
affect the bulged lower sectors (Fig. 3) where the limestone rocks are pervasively affected by 
northwest–southeast trending and mainly southwest-dipping steep shear planes, joints, cleavage 
planes and fractures. These observations suggest that some of the mentioned fault-related features 
accommodate the gravitational deformation. As described in the following paragraph, two of these 
secondary gravitational troughs were selected for investigations by using paleoseismological 
methods. 
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8 
In some places, scarps related to the western fault splay appear to be displaced by DGSD 
movement. This is evident in some sectors at the base of the slope, for instance, at Roccacasale 
(Fig. 4a), downslope of the Colle della Paglia gravitational trough. Indeed, the fault plane and the 
related scarp (10 to 15 m high) appear to be horizontally shifted towards the Sulmona basin with 
respect to the fault-trace trend. Instead, about a dozen metres uphill we have recognized a 
continuous ribbon-like fault scarplet aligned with the northern and southern prolongations of the 
fault branch. As limestone crops out both in the fault footwall and the hanging wall (Fig. 4b), this 
feature cannot be related to non-tectonic processes, such as selective erosion or landslides that 
affect the hanging wall block. Furthermore, slope debris, probably Late Pleistocene to Holocene in 
age (Gori et al., 2011), has been dragged in some places along this fault (Fig. 4c). On the other 
hand, the westernmost fault scarp, probably displaced by the gravitational deformation, is strongly 
affected by karstic erosion. Moreover, the base of the scarp is largely covered with scree thus 
suggesting the absence of tectonic displacement. These observations indicate the formation of a 
brand-new, uphill rupture that might represent the current surface expression of the tectonic 
structure. However, a certain amount of coseismic slip along the older fault planes during an 
activation event of the Mt. Morrone normal fault cannot be completely ruled out. 
 
3.2. The Le Pietre-Pianezza rock slide 
In the Le Pietre-Pianezza locality, a few dozen metres north of Roccacasale, a huge rock mass slid 
for some hundred metres towards the basin (Fig. 4a). The rock slide shows an outwards convex 
profile and a topmost portion characterised by an almost flat sector, where slope deposits can 
accumulate. The rock slide scarp is visible upslope of the accumulation body and it roughly 
coincides with the northern prolongation of the above-described ribbon-like scarplet in the 
Roccacasale area. Moreover, a series of up to 10–15 m high parallel remnants of fault scarps are 
seen along the slid block (Fig. 5a–c), which displays a curved trend in plan view. These 
observations suggest that: 1) the western fault splay periodically cut the rock masses, forming a 
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fault-related scarp; 2) this scarp was subsequently displaced and shifted towards the basin by the 
movement of the rock slide; and 3) the fault subsequently cut the sliding masses again, forming a 
new scarp. The repetition of this sequence over time has led to the formation of a series of new fault 
scarps that get progressively younger upslope (Fig. 5d). Such gravity/tectonics-coupled processes 
are also suggested by the intense karstic weathering of the lowermost fault scarps observed along 
the rock slide accumulation body. This testifies to the lack of rejuvenation of the fault-related 
landforms, as they might not be linked anymore to the fault at depth (as indicate before, a certain 
amount of coseismic slip along the older fault planes cannot be completely ruled out). Conversely, 
the continuous ribbon-like fault scarplet described might represent the presently active surface 
expression of the fault segment. We can hypothesize that the local slope instability that led to the 
rock sliding was induced by an increase of local relief due to the activity of the fault segment and 
the progressive deepening of the Sagittario River that, in this sector, flows along the foot of the rock 
slide. 
 
3.3. The Pacentro paleo-landslide 
In the locality of Vallone di Mileto (Figs. 3 and 6a), in the southernmost sector of the Mt. Morrone 
south-western slope, there is a landslide scarp some hundred metres wide and high, running 
between the tips of the two fault branches (Fig. 6b,c). The scarp is superimposed onto the above-
described double-crested ridge (Fig. 6b–e). A huge fan-shaped landslide body of carbonate rock 
with a volume of thousands of m
3
 is located at the base of the slope above which the Pacentro 
settlement is partly located. Miccadei et al. (1998) inferred that this landslide occurred in the Early 
Pleistocene (the “Pacentro paleo-landslide”). This chronology is confirmed by the presence of 
Middle Pleistocene alluvial fan sediments (Giaccio et al., 2009; Gori et al., 2011), both within the 
main landslide scarp at the footwall of the western fault branch, and on the landslide debris at the 
hanging wall of the fault branch (Fig. 6b). The chronological reference of the alluvial fan sediments 
is derived from their relationships with chronologically constrained lacustrine and fluvial deposits 
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of the Sulmona basin (Galli et al., 2010; Falcucci, 2011). This defines a terminus ante quem for the 
landsliding event.  
Along with the geomorphic relationships, the correlation between the Mt. Mileto scarp and the 
Pacentro paleo-landslide is also supported by the landslide accumulation made of fragments of the 
Jurassic–Cretaceous limestone that outcrops along the Mt. Morrone southern sector (Vezzani and 
Ghisetti, 1998). In addition, the volume of the Pacentro paleo-landslide appears to be consistent 
with the scarp size, although this is a rough estimate because the landform has been deeply reshaped 
by several streams cutting across the mountain flank. As the landslide has a single top surface and 
there is no paleosol within the accumulated debris, we can hypothesise that the Pacentro paleo-
landslide resulted from a single, sudden, catastrophic movement. 
 
4. Paleoseismological techniques applied to deep-seated gravitational slope deformations 
We made four trenches for paleoseismological investigations across two gravitational troughs along 
the slopes of Mt. Orsa and Colle della Paglia (Fig. 3). The analysis of the trench walls and the 
infilling sequences provided information useful for defining the sub-surface geometry of the troughs, 
their chronology, current activity and style of deformation. 
The sedimentary sequences exposed by the trenches mainly consisted of silty and coarse-grained 
slope deposits that were derived from the erosion of the carbonate bedrock and/or the re-deposition 
of Quaternary sediments. Moreover, paleosols were detected at different stratigraphic levels. 
Radiocarbon dating of the paleosols and charcoals in the deposits has provided chronological 
constraints for the slope deformation history (Table 1). 
 
4.1. Mt. Orsa site 
4.1.1. Morphostructural setting  
The Mt. Orsa gravitational trough is about 1 km long and 150 m wide and is located at elevations 
between 620 and 680 m a.s.l. (Fig. 7a,b). This sackung landform is bounded by two scarps that 
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are carved onto the carbonate bedrock: a downhill-facing scarp that bounds the uphill side of the 
trough, and an uphill-facing steeper scarp that bounds the downhill flank (Fig. 7c). 
Our field surveys revealed the displacement of slope-derived breccias due to the spreading of the 
gravitational depression. These sediments make part of a complex of slope/alluvial deposits 
widespread in the central Apennines (“Brecce Mortadella”) and commonly referred to the Early 
Pleistocene (e.g., D’Agostino et al., 1997; Miccadei et al., 1998; Bosi et al., 2003; Gori et al., 2007). 
The Mt. Orsa breccias (inset of Fig. 7b) were emplaced on the paleo-landsurface between the two 
fault splays (see Section 2.1) before the formation of the western fault branch (Gori et al., 2007). 
The uphill side breccias gently dip towards the trough (Fig. 7d) while those outcropping on the 
downhill side are deformed and tilted, likely due to trough spreading (Fig. 7d, inset). Hence, the 
gravitational depression of Mt. Orsa formed after the deposition of the Early Pleistocene breccias. 
 
4.1.2. Sedimentology and chronology of deposits of trenches 
We dug two trenches each of which was 9 m long, 2.5 m deep, and 2.5 m wide. One was across the 
downhill-facing scarp (eastern trench), and the other was across the uphill-facing scarp (western 
trench). These uncovered a succession of slope sediments in contact with the carbonate bedrock 
along the scarps of the gravitational trough (Fig. 8a,b). 
At the bottom of the trenches, we observed the carbonate bedrock of the uphill slope dragged 
against that of the downhill side through a few-cm-thick fracture that filled with colluvial deposits 
(Fig. 8c,d). A basic description of the deposits exposed by both trenches is provided here. 
- Unit Or1: Colluvial deposit made up of heterometric carbonate sub-angular gravels with a 
silty-sandy brown matrix that contains indeterminable pottery fragments. At the base of the 
unit, a stone line with pebbles 1 to 4 cm in length marks an erosional surface that truncates 
Unit Or2. 
- Unit Or2: Ochre-brown sand and clay that contain charcoal fragments and sparse sub-
angular carbonate pebbles 1 to 5 cm in length. 
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- Unit Or3: Ochre sandy-clayey colluvial deposits containing volcanic tephra (mainly 
composed of black mica and pyroxenes) the abundance of which increases with depth. We 
obtained radiocarbon dating of both bulk paleosol and charcoals lying over this unit, 4240–
3920 BP (cal. 2σ) and 2340-2130 BP (cal. 2σ), respectively. Moreover, a charcoal fragment 
sampled at the bottom of the unit gave an age of 41,390-40,290 BP (cal. 2σ). 
- Unit Or4: Carbonate bedrock that crops out along the trough scarps and at the bottom of the 
depression. 
The dating of Unit Or3 indicates that the trough probably formed around 40 kyrs BP, with the 
lowermost sample collected only about 30 cm above the carbonate bedrock. 
 
4.1.3. Slope deformation 
The trough opening resulted in gravitational instability of a downhill portion of the depression. The 
limestone was clearly shifted towards the trough, overthrusting the slope deposits (Fig. 8a,c). The 
scarp of this small rock slide is detectable along the uphill-facing scarp (Fig. 8e), with a sliding 
surface dipping towards the trough bottom (Fig. 8c,f). 
 
4.2. Colle della Paglia site 
4.2.1. Morpho-structural setting  
The Colle della Paglia gravitational trough (800 m a.s.l.) is 1-km long and 150-m wide (Fig. 9b). 
The depression is bounded by a downhill-facing scarp to the south-west, and a steeper uphill-facing 
scarp to the north-east. Two trenches (eastern and western), about 9 m long, 2.5 m deep and 2.5 m 
wide each, were dug in the northernmost part of the depression, across the downhill-facing and 
uphill-facing scarps (Fig. 9c).  
 
4.2.2. Sedimentology and chronology of deposits of the western and eastern trenches 
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The two trenches exposed different successions of slope deposits (Fig. 10a–d) infilling the 
depression. The units found in the western trench are listed below (CpW1–13). 
- Unit CpW1. Brown sandy silt containing sparse angular-to-subangular carbonate pebbles. A 
paleosol dated at 2950–2760 BP (cal. 2σ) separates this unit from the underlying one. 
- Units CpW2–4. Yellowish-reddish clayey-silty colluvial deposits, probably derived from the 
erosion and re-sedimentation of organic-rich sediments and/or pedogenetic horizons. Units 
CpW2, CpW3, and CpW4 are separated by two paleosols dated at 12,610–11,860 BP (cal 
2σ) and 21,560–21,320 BP (cal. 2σ). Towards the downhill side of the trough, Units CpW3 
and CpW4 grade laterally into the deposits of Unit CpW5. 
- Units CpW5 to CpW11. Succession of slope deposits mainly made up of angular to 
subangular carbonate pebbles, with a mainly open-work and clast-supported texture, which 
were distinguished on the basis of different grain sizes, matrix colours and textures (i.e., 
matrix-supported vs clast-supported). Their general sedimentological and stratigraphic 
features, and their relationships with the upper chronologically constrained deposits suggest 
that they formed due to periglacial slope processes in the Last Glacial period (Castiglioni et 
al., 1979; Coltorti and Dramis, 1988). 
- Unit CpW12. Greyish-brownish sandy-silty paleosol that was radiocarbon dated at 33,451–
32,851 BP (cal. 2σ). 
- Unit CpW13. Limestone bedrock. 
 
Five units (CpE1–5) were identified from the eastern trench: 
- Unit CpE1. Brown sandy silt containing sparse angular-to-subangular carbonate pebbles. 
- Unit CpE2. Brown silty-sandy colluvial deposit. An erosional surface was observed at the 
boundary of Units CpE1 and CpE2. 
- Unit CpE3. Ochre silty-sandy colluvium with grey paleosol on top. 
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- Unit CpE4. Reddish clayey-silty sediment. An erosional surface, marked by a line carbonate 
pebbles, separated this unit from the above unit. 
- Unit CpE5. Carbonate bedrock (layer attitude N290°, 43°). 
 
4.2.3. Slope deformation 
The radiocarbon dating of Unit CpW12 indicates that the formation of the Colle della Paglia 
gravitational-trough occurred before ca. 33 kyrs BP. Similar to the Mt. Orsa trough, a small rock 
slide driven by a shear surface had displaced part of the uphill-facing scarp. This mass movement 
may have been induced by the gravitational instability of the uphill-facing scarp due to the 
progressive opening of the trough. As the rock slide overlaid Unit CpW12, we can hypothesise that 
the trough opening continued after ca. 33 kyrs BP. 
Moreover, Units CpW3–5 have been displaced along several trough-parallel shear planes that 
displayed normal kinematics (Fig. 10e,f). These structural features were sealed by the paleosol that 
developed on Unit CpW3. The radiometric ages for these units written in Section 4.2.2, displaced 
by the shear planes, indicate that they activated between 21,560–21,320 BP (cal. 2σ) and 12,610–
11,860 BP (cal 2σ). From a kinematic point of view, these structural features might represent 
evidence of an abrupt settlement of the Colle della Paglia depression that was driven by a rapid 
movement of the underlying rock mass. 
 
5. Discussion 
5.1. Structural evolution of the slope and deep-seated gravitational deformation 
The analyses carried out on the Mt. Morrone south-western slope suggest a direct relationship 
among the activity of the normal fault system, its structural evolution and the occurrence of slope 
sagging. Sackung features are located only in the sector between the two normal fault segments. 
The eastern fault segment matches with the upslope side of the main gravity-driven troughs, while 
the western segment bounds the toe of the unstable rock masses. This inferred geomorphic 
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development illustrated in Fig. 11 suggests that the main factors that conditioned the onset and 
evolution of the DGSD were the increase of local relief and the over-steepening of slopes caused by 
the activity of the western fault branch. The eastern branch, instead, is used in its surficial portions 
as the deep-seated slip surface of the mass-wasting.. 
In terms of the structural relationships between the fault splays and the sackung-related features, it 
is worth noting that the counter-slope scarp of the main gravitational trough might have originated 
as an antithetic fault of the eastern fault splay. Nevertheless, at present, no fault planes are exposed 
along the scarp, the landform has an arcuate and complex shape in plan view with a rather 
discontinuous trace, and the trough width is much smaller than would be expected if this were a 
tectonic graben between the eastern fault splay and an antithetic fault.  
The recent scarp rejuvenation and the progressive spreading of the trough were probably led by 
gravity-driven slope processes (see McCalpin, 2009 for the criteria to distinguish sackung-related 
features from tectonic ones). In a general perspective, this observation implies that in cases where 
active faults traces and large-scale mass wasting scarps coincide, estimations of earthquakes 
magnitudes based on surface-fault offsets (Wells and Coppersmith, 1994) may be tainted by 
gravitational components of displacement. Also, the counter-slope scarp of the main troughs may be 
used at present for accommodating the gravitational deformation at its shallower portion. 
As a consequence of the activity of the normal fault branches, the displacement of the back-limb of 
the Mt. Morrone anticline has exposed anti-slope dipping carbonate strata which are not favourable 
to landsliding. Nevertheless, normal faulting has also led to the formation of dip-slope structural 
features in the rock masses, i.e. fault planes, shear planes, and extensional fractures that weaken the 
rock mass and that can be used as sliding planes (Fig. 11). The depicted framework testifies to a 
cause–effect relationship between normal faulting and the occurrence of the DGSD. 
 
5.2. Chronology of deformation 
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According to Gori et al. (2007), the western fault splay was formed after the eastern branch, in a 
moment subsequent to the Early Pleistocene (Fig. 11). The same chronological constraint can also 
be inferred for the activation of the DGSD. This agrees with the observed displacement of the Early 
Pleistocene breccias, which were deposited along the slope before the activation of the western fault 
branch (see Section 4.1). 
For the recent kinematic history of the Mt. Morrone DGSD, useful information has been derived 
from the stratigraphic sequences uncovered by our Mt. Orsa and Colle della Paglia excavations 
coupled with the radiocarbon dates. Our data indicate that the Mt. Orsa trough formed during the 
Late Pleistocene, probably around 40 kyrs BP, i.e. the age of the charcoal found in Unit Or3 as the 
charcoal was collected almost at the base of the sedimentary succession. For the Colle della Paglia 
depression, we can only state that the trough opening began at some time before 33 kyrs BP. 
Furthermore, the continuous accumulation of slope debris within the depressions during the Late 
Pleistocene–Holocene and the shear planes that we detected at the Colle della Paglia trough site 
(Fig. 10b) suggest that the opening of both the gravitational troughs has persisted over the last few 
thousands of years. Therefore, the Mt. Morrone DGSD can be regarded as presently active.  
 
5.3. Mechanism and style of deformation 
As shown in Fig. 8c, the excavations at the Mt. Orsa site suggested that the depression originated 
from progressive opening of a fracture system that affected the carbonate bedrock, due to the 
downslope movements of the unstable rock masses. A similar mechanism probably formed the 
Colle della Paglia trough as well. 
In terms of the regime of deformation, the available literature indicates that sackung-type features 
generally evolve with long-term creep movement (Bisci et al., 1996), even if episodic accelerations 
of the deformation can occur (McCalpin, 2009 and references therein). Thus, creep probably 
represents the predominant style of deformation of the investigated DGSD. Nevertheless, the shear 
planes detected within the Colle della Paglia trough, which were responsible for the displacement 
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of Units CpW3, CpW4 and CpW5, can be considered as brittle deformation structures, thus 
suggesting the occurrence of abrupt gravitational displacement (McCalpin, 2009). Taking into 
account the chronological constraints for the displaced units, this deformation event probably 
occurred between 21 and12 kyrs BP. 
In terms of the cause of this event, it must be taken into account that re-activation of the DGSD has 
been observed during strong earthquakes in Italy (i.e. the 1997 Umbria-Marche earthquake 
sequence and the 2009 L’Aquila earthquake; Moro et al., 2007, 2011, respectively). Hence, if we 
consider the seismotectonic framework of Mt. Morrone and more in general, of the central 
Apennines, we can hypothesise that the displacement event at Colle della Paglia was triggered by a 
strong earthquake that occurred in the surrounding regions or even along the Mt. Morrone normal 
fault system. It is worth noting that coseismic input has been invoked in several studies (e.g., 
McCalpin, 2009 and references therein), where dynamic loading produced by seismic events is 
indeed considered as a primary factor influencing the genesis and evolution of slope sagging 
features. In addition, other paleoseismological studies in the central Apennines have revealed the 
probable triggering of large-scale mass wasting by the coseismic activation of nearby active faults 
(Moro et al., 2012). 
On the other hand, our paleoseismological analyses did not provide evidence for the activation of 
gravity-driven displacement due either to the second century AD earthquake along the Mt. Morrone 
fault system (Ceccaroni et al., 2009), or to the other known high-magnitude historical seismic 
events in 1349, 1456, 1706, and 1933. This observation would therefore suggest that in spite of the 
strong ground motion produced by these large-magnitude earthquakes, these events did not induce 
deformation ”large” enough to be detectable with standard paleoseismological techniques, or to be 
univocally interpretable as seismically induced sedimentary features (i.e., colluvial wedges in 
McCalpin, 2009). Therefore, in agreement with McCalpin (2009), the deformation history of 
sackung features cannot be used, if taken alone, as paleoseismological indicators. 
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5.4. DGSD evolution in relation to surface faulting 
Our data indicate that the investigated sackung-type deformation can evolve into a large-scale 
gravitational phenomenon, with either a low moving rate or a sudden rapid motion. In the former 
case, the shape of the abandoned fault scarps along the Le Pietre-Pianezza rock slide suggests the 
progressive movement of the rock mass towards the Sulmona Basin. The curved trace of the scarps 
along the rock slide indicates that the landforms have been deformed with slow continuous 
displacement. Therefore, the progressive movements of the rock slide prevented the fault there from 
rupturing and led to the formation of a new fault scarp slightly upslope. Papanikolaou et al. (2005) 
considered the lowermost fault scarp along the Le Pietre-Pianezza rock slide as the result of 
repeated surface faulting episodes of the western fault branch, and estimated a post-LGM fault slip 
rate of 0.84±0.17 mm yr
−1
 from the scarp height. Our observations suggest, however, that this scarp 
does not represent the surface expression of an active fault, as it was probably displaced by the Le 
Pietre-Pianezza rock slide. Therefore, the slip rate estimated at this site by Papanikolaou et al. 
(2005) should be taken at least with some caution, as this fault scarp might be not linked to the 
primary fault anymore. In general, dating of active faulting or paleoseismological events based on 
geomorphological analyses (e.g., Papanikolaou et al., 2005) or exposure dating (e.g., Schlagenhauf 
et al., 2011) must take into account the possible interaction between mass wasting and faulting, as 
the fault planes may be exposed by other non-tectonic processes.  
Our observations yield implications on hazards of surface fault rupture. Boncio et al. (2012) 
proposed a fault setback, i.e., the distance from the active fault trace within which critical facilities 
and structures designed for human occupancy cannot be built, for the Mt. Morrone western fault 
splay at the southern tip of the Le Pietre-Pianezza rock slide. The defined setback includes the fault 
scarps that may have been displaced by the rock slide, while it only partially encloses the fault 
scarplet that probably represents the current surface expression of the active fault. 
In contrast to the Le Pietre-Pianezza rock slide, the Pacentro paleo-landslide testifies to a rapid and 
catastrophic evolution of a sackung-related landform. Indeed, as described above, the main scarp 
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of the landslide is carved into the double-crested sector of Mt. Morrone, and the rock slope failure 
displaced rock masses that were already affected by sagging. Moreover, the proximity between the 
described rock avalanche and the Mt. Morrone normal fault system, or other nearby Quaternary 
fault systems, allows us to hypothesise that the landslide was triggered by an ancient, large-
magnitude seismic event that produced strong and long-lasting shaking originated from either the 
Mt. Morrone fault or a nearby tectonic structure. This inference agrees with the relationships among 
landslides, fault-rupture zones and earthquake magnitudes proposed by Keefer (1984). 
 
6. Concluding remarks 
In this study, we show the results of geological/geomorphological/paleoseismological investigations 
on the south-western slope of Mt. Morrone, Italy. The slope has been affected by an active normal 
fault system with two NW–SE-trending and SW-dipping parallel branches, and by a DGSD 
specifically related to sagging. The goal of our analyses was to define the relationships between the 
onset and evolution of the DGSD and the Quaternary activity of the extensional tectonic structure. 
Furthermore, to define the activity of the DGSD, we applied paleoseimological investigations by 
digging trenches across some landforms along the slope. 
Our data have revealed that the DGSD initiated after the Early Pleistocene, following the activation 
of the western normal fault branch. The activity of this fault branch resulted in increased local 
relief, while the eastern fault segment acted as a sliding plane in its surficial portion. Moreover, the 
activity of both the fault strands resulted in the formation of structural features and discontinuities 
that weakened the rock mass and provided preferential sliding zones, predisposing the slope to 
sagging. 
The excavations across the sackung-related Mt. Orsa and Colle della Paglia troughs indicate that 
these features formed from the progressive spreading of fractures in the rock mass, at around 40 
kyrs BP and before about 33 kyrs BP, respectively. The shear planes in the sedimentary units that 
were trapped within the Colle della Paglia trough and dated between about 21 and 12 kyrs BP 
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imply the mechanics of the gravitational deformation: although a sackung is generally considered to 
evolve by creep (McCalpin, 2009 and references therein), the shear planes of the Mt. Morrone 
DGSD represent brittle deformation structures that indicate an event of rapid gravitational collapse. 
The proximity of the Colle della Paglia trough to the Mt. Morrone normal fault system suggests that 
this event was triggered by a tectonic activation episode. Furthermore, our observations suggest that 
the DGSDs can evolve into large-scale gravity-related phenomena characterised either by 
continuous, low rate movements, as for the Le Pietre-Pianezza rock slide near Roccacasale, and/or 
by a rapid and even catastrophic collapse, as testified by the Pacentro paleo-landslide. 
Our study has also highlighted that investigations on active faults should consider the effect of 
gravity-driven phenomena because of two reasons: 
1) Large-scale mass-wasting can superpose onto tectonic displacements, as in the case of the Mt. 
Morrone eastern fault branch. This may lead to an incorrect estimation of earthquake magnitudes 
based on surface-fault offsets; and 
2) The occurrence of DGSDs makes the mapping of active faults more difficult due to the gravity-
driven displacements of fault scarps.  
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Figure captions 
Fig. 1. Seismotectonic framework of the central Apennines with main active normal fault systems 
(modified from Galadini and Galli, 2000; Falcucci et al., 2011 and references therein) and the 
epicentres of the largest earthquakes that struck the region in the past millennium (Rovida et al., 
2011). Faults: MVF – Mt. Vettore; NF – Norcia; LM – Laga Mountains.; UAVF – Upper Aterno 
Valley; ACIF – Assergi-Campo Imperatore; CF-OPF – Campo Felice-Ovindoli-Pezza; MAVF-SVF 
– Middle Aterno Valley-Subequana Valley; MMF – Mt. Morrone; FF – Fucino; MPF – Maiella-
Porrara; ACF – Aremogna-Cinquemiglia; USVF – Upper Sangro Valley.  
 
Fig. 2. Perspective shaded relief images showing the Sulmona Plain and the south-western flank of 
Mt. Morrone. The trace of the active fault segments are marked by black lines in (a); the main 
sackung-related troughs are reported in (b) with white dashed lines. 
 
Fig. 3. Digital elevation model of the Sulmona Plain and of Mt. Morrone. Contour interval is 25 m. 
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Surveyed DGSD features and the main normal fault segments are reported. Inset is the geomorphic-
structural profile. 1. Gravitational trough. 2. Active normal fault, as observed (a) and presumed (b). 
3. Inactive thrust front. 4. Excavation site. 5. Location of the geomorphic-structural profile. 
 
Fig. 4. Evidence of the fault scarplet north-west of Roccacasale. (a) Digital elevation model of the 
area of Roccacasale. 1. Le Pietre-Pianezza rock slide scarp. 2. Trace of the “Colle della Paglia” 
gravitational trough. 3. Mt. Morrone western fault branch. 4. Inferred abandoned fault scarps. White 
circle: outcrop of tectonically displaced slope debris showen in (c). (b) Fault plane seen at the base 
of the scarplet, north of Roccacasale, in contact with carbonate rocks at the hanging wall and 
footwall. (c) Slope-derived deposits (white arrows) displaced and dragged along the fault plane, 
north of Roccacasale. 
 
Fig. 5. Panoramic view of the Roccacasale area. (a, b) and frontal view of the Le Pietre-Pianezza 
rock slide. Triangles show the fault scarp probably displaced by DGSD movements; and white 
arrows show the fault scarplet representing the current fault segment. (c) and (d) Three-dimensional 
lateral view and simplified geological cross-section of the Le Pietre-Pianezza rock slide. 1. 
Carbonate bedrock. 2. Slope-derived deposits. 3. Alluvial sediments. 4. Present thalweg of the 
Sagittario River. 5. Fault segment. 6. Rock slide scarp. 7. Displaced fault plane and scarp. 8. 
Gravitational trough. 9. Gravitational deformation/sliding zone. 10. Gravitational sliding plane. 
 
Fig. 6. The Pacentro paleo-landslide. (a and b) Digital elevation model (plan view) of the Pacentro 
area, with the Pacentro paleo-landslide accumulation and Middle Pleistocene alluvial fan deposits. 
White dashed line – contact between the Middle Pleistocene alluvial fan and the paleo-landslide 
accumulation in the Pacentro area (inset). (c) Three-dimensional view of the Pacentro area, showing 
the accumulation of the Pacentro paleo-landslide deposits. d) Close-up image of the Mt. Morrone 
double-crested ridge and of the bulged sector at the base of the slope. e) Photograph of the 
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Pacentro paleo-landslide scarp (shown by black triangles). 1. Fault splay, as observed (solid line) 
and presumed (dashed line). 2. Presumed landslide scarp. 3. Landslide accumulation. 4. 
Gravitational trough. 
 
Fig. 7. The Mt. Orsa gravitational trough and excavation sites. (a) Digital elevation model. Traces 
of the gravitational trough and other sackung-related troughs are marked (white lines). (b) Three-
dimensional frontal view of the Mt. Orsa area, where Early Pleistocene breccias are observed (see 
inset). (c) Excavation site along the Mt. Orsa gravitational trough. Inset shows the locations of the 
western and eastern trenches. (d) Early Pleistocene breccias cropping out along both flanks of the 
trough (white line). The breccias along the western flank are clearly deformed and tilted by the 
opening of the gravitational trough (see inset). Black dashed line shows the attitude of the deposits..  
 
Fig. 8. Views (a, b) and illustrations (c, d) of the northern walls of the Mt. Orsa western and eastern 
trenches, respectively. Stratigraphic units are described in the text. (e) Scarp (white dashed line) of a 
small rock slide within the Mt. Orsa gravitational trough. (f) View of the northern wall of the 
western trench that exposes the sliding plane of the rock slide (white line). Excavation grid is 1×1 
m. 
 
Fig. 9. The Colle della Paglia gravitational trough and excavation sites. (a) Digital elevation model. 
White line – traces of the Colle della Paglia and of other gravitational troughs. Black line – the Mt. 
Morrone western fault segment. (b) Three-dimensional frontal view of the Colle della Paglia 
gravitational trough. The excavation site for paleoseismological investigations is indicated. (c) 
Panoramic view of the excavation site. Two trenches were excavated across the downhill-facing and 
uphill-facing scarps of the trough. 
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Fig. 10. Views (a, b) and illustrations (c, d) of the northern walls of the Colle della Paglia west and 
east excavations. Stratigraphic units are described in the text. (e, f) Shear planes (white arrows) 
detected along the northern and southern walls of the west excavation, respectively. Excavation grid 
is 1×1 m. 
 
Fig. 11. Schematic representation of the structural and geomorphic evolution of the Mt. Morrone 
south-western slope during the Quaternary. 1. Inactive thrust plane. 2. Active normal fault plane and 
related deformation zone. 3. Gravitational trough. 4. Gravitational sliding zone/plane. 5. Continental 
sedimentary sequences. 6. Mesozoic–Cenozoic limestone. 7. Miocene–Pliocene flysch and 
hemipelagic clays and marls. 
 
Table 1. Results of radiocarbon dating. 
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Table 1 
excavation Unit dated material 
radiocarbon age 
(calibrated, 2σ) 
Monte Orsa western Or3 
charcoal 2235±105BP 
paleosol 4080±160BP 
charcoal 40840±550BP 
Colle della Paglia western 
CpW2 paleosol 2855±89BP 
CpW3 paleosol 12235±375BP 
CpW4 paleosol 21440±120BP 
CpW12 paleosol 33151±300BP 
 
